Photoelectrochemical (PEC) water splitting provides an attractive route for large-scale solar energy storage, but issues surrounding the efficiency and the stability of photoelectrode materials impose serious restrictions on its advancement. In order to relax one of the photoelectrode criteria, the band gap, a promising strategy involves complementing the conventional PEC setup with additional power sources. Here we introduce a new concept: solar water splitting combined with reverse electrodialysis (RED). RED is a membrane-based power generation technology that produces an electrochemical potential difference from a salinity gradient. In this study, the RED stack serves not only as a separator, but also as an additional tunable power source to compensate for the limited voltage produced by the photoelectrode. A hybrid system, composed of a single-junction p-Si and a RED stack, successfully enables solar water splitting without the need for an external bias. This system provides flexibility in photoelectrode material selection.
with different ion concentrations flow on opposite sides of an ion-exchange membrane, an electrochemical potential difference develops across the membrane 27 . According to Nernst equation, an ion-exchange membrane can create a potential difference of about 90 mV at a salinity ratio of 50 (for more details see Supplementary Fig . S1) 28 . Several pairs of high-concentration (HC) and low-concentration (LC) solutions are alternatively stacked to generate a unidirectional electric field. An overall potential difference, from one end of the RED stack to the other, is created in proportion to the number of membranes in the series (for more details see Supplementary Fig. S1 ).
In general, a membrane that separates the catholyte from the anolyte in the water-splitting cell, e.g., Nafion, is essential for assuring electrical conduction under conditions of minimal contamination by chemical products in each solution 29 . However, the membrane can increase the solution resistance, or cause significant pH gradients near the electrode surface, resulting in a severe reduction in system efficiency 29 . In the PEC-RED hybrid system, a RED stack between the electrodes can not only serve as a separator for preventing product crossover, but also as an additional voltage source to subsidize photovoltaic power that may be insufficient for solar water splitting. By integrating a single-junction Si photoelectrode with a RED stack that is a substitute for a conventional proton-selective membrane, e.g., Nafion, we successfully enables solar water splitting without any external bias, as shown in Fig. 1a . This approach revives a number of narrow band gap semiconductors as candidates for photoelectrode materials in solar water-splitting systems, while maintaining the high photocurrent of the narrow band gap material.
Results and Discussion
Preparation and characterization of electrodes. One of the challenges for efficient solar water splitting is the sluggish kinetics for reactions that take place at the semiconductor surface. In order to facilitate interfacial charge transfer, electrocatalysts such as platinum, ruthenium oxide, or iridium oxide should be coupled with semiconductor electrodes. NiMo is an Earth-abundant metal electrocatalyst that shows remarkable activity and stability for hydrogen evolution reactions (HER) 30 . In this work, NiMo was electrochemically deposited on a p-Si photocathode under intense irradiation. Supplementary Fig. S2 shows the morphology of a NiMo electrocatalyst film deposited on a p-Si surface. The NiMo film, as prepared, was discontinuous and comprised of porous multilayers that appear to be clusters of particles. This morphology seems to result from the co-evolution of H 2 bubbles during the deposition of NiMo 31 . Earth-abundant electrocatalysts, including NiMo, require large mass loadings to achieve catalytic activities comparable to that of noble metal catalysts, due to their intrinsic low specific activities 20 . However, significant loss of incident light is unavoidable because Earth-abundant electrocatalysts are generally optically opaque 24 . It is therefore necessary to find a balance between catalytic activity and optical transparency. We determined the optimal time for NiMo electrodeposition, as shown in Supplementary  Fig. S3 . The best film thickness was determined to be about 3.3 μm (for more details see Supplementary Fig. S2 ). X-ray photoelectron spectroscopy (XPS) and X-ray fluorescence spectroscopy (XRF) confirmed the deposition of NiMo. The Ni:Mo ratio was determined to be approximately 86:14, which is similar to that for previously reported compositions (for more details see Supplementary Fig. S2 ) 31 .
The photoelectrochemical catalytic activity of the NiMo/Si photocathode was characterized in 0.1 M phosphate buffer (pH 7.0) under simulated AM 1.5 G irradiation (100 mW cm −2 ) ( Fig. 2a ). The HER performance of NiMo/Si proved to be comparable to that of Pt nanoparticles deposited Si (Pt NP/Si, orange), and much better than that of pristine Si (blue). Although the NiMo catalyst has a significantly low specific activity for HER, electrodeposited NiMo could exhibit a similar geometric activity to that of Pt, due to a large electrochemically active surface area 20 . NiMo electrocatalysts with large surface roughness values have been shown to exhibit higher HER activities than Pt in alkaline electrolytes 20 . The NiMo/Si photocathode was used to investigate water-splitting performance.
For the oxygen-evolving anode, we chose Ni foam. Nickel (Ni) is widely used for commercial alkaline electrolyzers owing to its Earth abundance and excellent corrosion-resistance 32 . Oxygen evolution at Ni foam, in 0.1 M phosphate buffer (pH 7.0), requires a high overpotential indicating slow electrokinetics at the electrode surface, are water reduction and oxidation potentials, respectively.
as shown in Supplementary Fig. S4 . Figure 2b displays the overall water-splitting performance of the (NiMo/ Si and Ni foam) two-electrode system in 0.1 M phosphate buffer (pH 7.0). In spite of good kinetics at the NiMo cathode, overall water splitting requires at least 1.2 V of extra potential difference to achieve a current density of 1 mA cm −2 . To reach the photo-limited current density at the NiMo/Si electrode (23 mA cm −2 ), the two-electrode system requires more than 2.5 V of external supply in addition to the photovoltaic driving force. In most cases, water splitting is conducted in either a highly acidic or a highly alkaline electrolyte. This minimizes voltage losses associated with concentration overpotentials that are related to mass transport limitations, as well as the kinetic overpotentials required of the electrocatalyst during the water-splitting reaction. However, most semiconductors and Earth-abundant electrocatalysts are unstable under such harsh pH conditions. For example, Si is relatively stable in acidic electrolytes, but is very vulnerable to corrosion under alkaline conditions 26 . Similarly, NiMo shows excellent catalytic activity and stability in alkaline electrolytes, but exhibits poor stability in strong acids 26, 33 . Therefore, it is crucial to operate the water-splitting system at near-neutral pH, in order to utilize a greater variety of electrode materials 29, 34 . However, operating at neutral pH involves a substantial voltage penalty because of large overpotentials and severe pH gradients 29, [34] [35] [36] . This is a further reason why such a large overpotential is required for water splitting, as shown in Fig. 2b .
The evolved H 2 and O 2 that were obtained when a 2.65 V potential difference was applied across the NiMo/ Si and Ni foam were quantified by gas chromatography (GC). GC analysis confirmed that hydrogen and oxygen gases are evolved in a 2:1 ratio with a faradaic efficiency close to 100% (Fig. 2c ).
Characterization of RED performance.
In this study, we utilized the RED stack to obtain an additional bias. The voltage produced from RED stacks under open-circuit conditions is presented in Fig. 3a . The open-circuit voltage (OCV), i.e., the maximum voltage that can be obtained from the RED stack, increases linearly, by about 0.15 V per membrane-pair (CEM and AEM). The experimentally measured OCV values are in good agreement with those predicted theoretically by the Nernst equation (for more details see Supplementary  Fig . S1) 28 .
For efficient water splitting, the potential losses arising from electrode overpotentials, solution resistance, and membrane resistance, should be minimized 36 . Accordingly, most of the potential drop should occur at the electrode-electrolyte interface, where the faradaic reactions take place in conventional PEC system. In our system, the RED stack participates in the circuit, not only as a voltage source, but possibly also as a resistor. The resistance To determine the resistance associated with the RED stack, an electrochemical impedance analysis was carried out at a current density of 0.2 mA cm −2 (normalized to the membrane area) using two Ag/AgCl electrodes ( Fig. 3b ). Resistance increases steeply when the RED stack with 4 membrane-pairs is inserted between the electrodes. This observation is associated with the structure of the RED stack (for more details see Supplementary Fig. S1 ). At both ends of the RED stack, there are wide compartments into which HC and LC solutions are injected. Among them, the wide, LC solution-filled compartment contributes most strongly to the steep increase in total resistance of the RED stack. This is because the electrical resistance of the stack is dominated by the dilute LC solution with low conductivity 38 . To clarify the effect of LC on the electrical resistance of the RED stack, the stack resistance as a function of flow rate, was also measured (for more details see Supplementary Fig. S5 ). At higher flow rates, a high salinity gradient is maintained throughout the stack, providing higher OCV and resistance. Although the thickness of the diffusion boundary layer, and the resistance associated with it, decreases at higher flow rate, an increase in the membrane resistance itself and the low conductivity of the LC solution are the main factors responsible for the high resistance [38] [39] [40] . As the flow rate is reduced, the HC and LC solutions reside for longer inside the stack. As a consequence, the average salinity difference gradually decreases, resulting in lower OCV and resistance. Figure 3c shows the OCV (open circle), and the voltage across the RED stack under the galvanostatic condition of 0.2 mA cm −2 , corresponding to the photo-limited current density at the NiMo/Si electrode (solid circle). The difference between these voltages corresponds to the voltage drop that occurs across the RED stack with maximal NiMo/Si current flowing. Only a small potential loss is associated with the RED stack itself, indicating that most of the voltage obtained from the RED stack is used to assist faradaic reactions at the electrode. Therefore, RED can serve as an effective additional power source.
Integrated water-splitting cell. Through the combination of a PEC cell and a RED stack, an overall water-splitting cell was constructed in a two-electrode configuration. A schematic diagram of the PEC-RED system is illustrated in Fig. 1a . A photograph of the experimental set-up is presented in Supplementary Fig. S6 . As discussed above, we used NiMo/Si and Ni foam as the hydrogen-and oxygen-evolving electrodes, respectively. The RED stack, situated between the two electrodes, acts as an additional power source, as well as a salt bridge that separates the catholyte from the anolyte. A simplified energy diagram of the cell is depicted in Fig. 1b ( for more details see Supplementary Note). The electric circuit has two voltage sources, i.e., the Si photoelectrode and the RED stack, that are connected in series. For p-Si, the potential of the valence band is not sufficiently positive for water oxidation, resulting in negligible overall water splitting. By integrating the RED stack with the p-Si photoelectrode in series, the voltage from the RED stack is added to the photovoltaic potential difference from the p-Si, providing sufficient power for water splitting.
As mentioned above, overall water splitting is negligible in the PEC system alone. An external bias of at least 1.2 V is required to achieve a current density of 1 mA cm −2 , and more than 2.5 V is needed to reach the photo-limited current density of NiMo/Si. RED stacks with 8 and 20 membrane-pairs correspond to 1.4 V and 3.1 V under open-circuit conditions, respectively. With these ionic voltage suppliers, the current density-voltage curves shift in the positive direction. At the same time, the water-splitting reaction is initiated and the current density increases to 1.6 mA cm −2 , and finally up to 23 mA cm −2 , which corresponds the maximum current density of NiMo/Si (Fig. 4) . Currently, there are limited remedies for the photoelectrochemical reaction requiring high photovoltage in a conventional PEC cell. In particular, wider band gap semiconductor materials 41 , and/or tandem photoelectrodes 7, 9 bring about significant reductions in photocurrent. The RED stack serves as both an ionic voltage source and a salt bridge; consequently, it allows us to tune the potential difference without altering the electrode materials. By introducing the proposed power-generating salt bridge, photocurrent density needs not be sacrificed for additional overpotential.
Stability is one of the key issues for sustainable energy system implementation. A PEC-RED cell with 24 membrane-pairs displayed a constant current density of about 20 mA cm −2 over 25 h, assuring good stability of both the Ni-Mo/Si photocathode and the Ni foam anode, as well as the RED stack ( Fig. 5 ). After water splitting for 25 h, the pH of the catholyte and the anolyte changed from 7.04 to 10.9 and to 6.2, respectively. The pH change induced by water electrolysis can cause problems in terms of the material stability and the operating voltage. After the long-term operation test, the pH of the catholyte increased considerably from 7.0 to 10.9, which could have a detrimental effect on the stability of NiMo/Si. However, it seems that 3 μm thick NiMo serves as a passivation layer for Si as well as a catalyst for water reduction reaction. Moreover, a higher overpotential is needed for water electrolysis as the pH of catholyte increases (+59 mV/pH unit). In the case of the PEC-RED cell with 24 membrane-pairs, the system works at the photo-limited region to be stabilized with respect to small voltage variations. The fluctuations in the Fig. 5 were caused by the formation and dislodge of bubbles on the electrode surface, which were generated by the water splitting reaction. A full-scale RED pilot plant was successfully operated for over five months in a real outdoor environment without any significant performance losses 42 . This indicates that the PEC-RED configuration greatly assists in stabilizing the solar water-splitting system, even when the catalytic activity of the photoelectrode is insufficient.
To calculate the net power produced by the PEC-RED cell, the energy that is consumed to pump the HC and LC solutions into the RED stack needs to be taken into account by subtracting the hydrodynamic loss from the H 2 chemical power produced 43 . Supplementary Table S1 lists the hydrodynamic losses for the RED stack. At a flow rate is 9 mL min −1 , the power consumed for pumping is 19% of the total power produced. Given that there is only a small difference in current density at 9 mL min −1 under zero bias conditions to that produced at 3 mL min −1 (for more details see Supplementary Fig. S7) , the power consumed for pumping decreases to 4%, at the lower flow rate, compared to the power produced, which corresponds to a system efficiency of about 1.8% (for more details see Supplementary Table S2 ).
Based on calculations, after solar water splitting for 25 h, the pH of the anode compartment was expected to decrease to 2.9, but experimentally it only changes from 7.0 to 6.2 (Fig. 5, inset) . This observation is related to the fact that the ion-exchange membrane exposed to the anolyte in this system is cation-selective, i.e., CEM, and LC solution flows on opposite side of the CEM (for more details see Supplementary Fig. S1 ). Although water oxidation at the anode makes the anolyte acidic, the protons produced leak through the CEM to the LC compartment, mitigating a severe drop in pH. However, the water reduction reaction significantly changes the pH of catholyte that faces the other CEM and lies beyond the HC compartment. In this configuration, the penetration of the hydroxide ions produced, through the CEM into the HC compartment, is limited. The pH changes in the anolyte and catholyte are expected to be addressed in a further study.
Conclusions
In summary, we have demonstrated a unique solar water-splitting system composed of a PEC cell and a RED stack. The RED stack, positioned between the electrodes of the PEC-RED hybrid system, serves not only as a separator but also as an additional tunable power source to compensate for the insufficient photovoltage produced by the photoelectrode. Water splitting is possible through the use of a standalone PEC cell [44] [45] [46] . However, no suitable photoelectrodes have yet been found for use in solar water splitting, and most research to date has focused on seeking new materials and/or structures. Our introduced concept provides flexibility in photoelectrode material selection, such as low-cost and reliable materials having narrow band gap. Moreover, the feasibility of fine-tuning the overpotential, without any external electricity, provides an effective means of selectively synthesizing a targeted solar fuel. This represents another step forward to cost-effective purification and preconcentration for practical use.
Considering the power consumed by the pump, the energy conversion efficiency of the PEC-RED system is about 0.55-1.8%. This value is comparable to the efficiency of a two-junction tandem PEC system (with two voltage sources) consisting of all earth-abundant material (for more details see Supplementary Table S3 ) 47 . To demonstrate the proof-of-concept that RED can be used as an auxiliary power source in a solar water splitting system, we conducted experiments under difficult conditions that required the significant external voltage. We expect the efficiency to be noticeably improved by optimizing the number of membrane-pairs, depending on the band gap of photoelectrode, the kinetic overpotentials required for the electrocatalyst, and the pH of electrolyte. The number of membrane-pairs influences the optimum conditions for the area ratio of the photoelectrode to the ion-exchange membrane, the flow rate, and the operating current. The integration of a PEC cell with a RED stack, to form a suitable hybrid system, offers new opportunities for tackling the challenges associated with solar-to-fuel conversion.
Materials and Methods
Fabrication of electrodes. The photocathode was fabricated on p-type Si (100) wafer ( ⋅ 1 10 ohm cm, Silicon Technology, Japan). To make a backside ohmic contact, 300 nm Al was deposited on the back surface of the Si wafer, followed by annealing at 400 °C for 30 s 48 . The NiMo electrocatalyst was electrodeposited from a sulfamate plating solution that contained 325 g L −1 Ni(SO 3 NH 2 ) 2 , 5 g L −1 Na 2 MoO 4 , and 30 g L −1 H 3 BO 3 31 . Electrodeposition was carried out using a potentiostat (CHI601C, CHInstrument) in three-electrode configuration with Pt mesh counter electrodes and Ag/AgCl (3 M NaCl, E° = + 0.209 V vs. NHE) reference electrode. For deposition, the Si electrode was held at −1.3 V vs. Ag/AgCl for 1 min under intense illumination. Pt NP was deposited onto Si electrode by electroless deposition. For the electroless deposition of Pt, Si electrode was immersed into a solution of 1 mM K 2 PtCl 6 in 0.4 M HF for 2 min, followed by a rinse with . Ω ⋅ 18 2 M cm deionized water (Millipore) 48 . The deposition process was repeated to increase the loading amount of Pt. The highest catalytic activity was observed after two iterations. Ni foam (>95% porosity) was purchased from MTI Korea and used after cleaning in a ultrasonic bath with acetone and isopropyl alcohol for 15 min each, followed by dry at 60 °C in an electric oven.
Material characterizations. The electrodes were characterized by a field-emission scanning electron microscope (FE-SEM, SIGMA), an atomic force microscope (AFM, XE-150), X-Ray Photoelectron Spectroscopy (XPS, AXIS-HSi), and X-Ray Fluorescence Spectroscopy (XRF, XRF-1800).
Scientific RepoRts | 7: 12281 | DOI:10.1038/s41598-017-12476-3 Photoelectrochemical measurements. Photoelectrochemical measurement was carried out using a potentiostat (CHI601C, CHInstrument) in two-or three-electrode configuration with Pt mesh counter electrodes and Ag/AgCl (3 M NaCl, E° =+0.209 V vs. NHE) reference electrode. All electrochemical experiments were performed in 0.1 M phosphate buffer (pH 7.0) with 0.5 M Na 2 SO 4 . A home-built solar simulator that had 150 W Xenon arc lamp with AM 1.5 G output was used as an illumination source. The intensity was calibrated to 100 mW cm −2 with a radiometer (PMA-2100, Solar light) and a pyranometer (PMA-2144). Characterizations of each electrode were conducted in a three-electrode configuration with Ag/AgCl reference electrode. Overall water splitting was tested in a two-electrode configuration. For gas quantification, the cathode and anode were immersed in 50 mL of 0.1 M phosphate buffer (pH 7.0) under a quartz vessel. After sealing tightly, Ar purging was conducted for 15 min for degassing. During continuous irradiance, the quartz cell with solar simulator (HAL-302, Ashai Spectra) under 100 mW cm −2 of light density, the voltage of 2.65 V was applied across the electrodes by potentiostat (CHI760E, CHInstrument). The evolved H 2 and O 2 are quantified by on-line gas chromatography (DS Science, iGC7200) with thermal conductivity detector (TCD) for every 5 min after a period of 50 min for stabilization.
Preparation and characterization of RED stack. We utilized a RED stack configuration that is previously reported by B. E. Logan and M. C. Hatzell [49] [50] [51] . The RED stack is situated between the cathode and anode chamber. Gaskets between membranes (Selemion CMV and AMV) separate the membranes and create compartments filled with high-and low-concentration salt solution. Each compartment has a dimension of 4 cm × 2 cm × 1.3 mm. A unit structure of RED stack is composed of CEM/a compartment with HC/AEM/a compartment with LC/CEM (HC: 35 g L −1 of high-concentration salt solution, LC: 0.7 g L −1 of low-concentration salt solution). Overall RED stack was assembled by stacking the unit structures. HC flows from the cathode chamber to anode chamber through every HC compartment, and similarly LC flows but in the opposite direction to HC (for more details see Supplementary Fig. S1 ). Each solution was fed into RED stack at constant flow rate of 9 mL min −1 using a peristaltic pump. The characterization of RED performance was conducted using a potentiostat (CHI601C, CHInstrument) in two-electrode configuration with Ag/AgCl electrodes immersed in 0.5 M NaCl electrolyte. Electrochemical impedance analysis was carried out using a Gamry Reference 600 (Gamry Instruments) while applying a current density of 0.2 mA cm −2 as a DC current. Resistance of RED stack were determined at the frequency of 1 kHz. The power required for pumping was calculated through hydrodynamic loss across RED stack 43 . A pressure drop across the RED stack was measured by a manometer (HHP91, Omega).
